We tend to mentally organize numbers along a left-to-right oriented horizontal mental number line, with the smaller numbers occupying the more leftward positions. This mental number line has been shown to exert an influence on the visuospatial allocation of attention, with presentation of numbers from the low and high ends of the mental number line inducing covert shifts of spatial attention to the left and right side of visual space, respectively. However, the neural basis of this modulation is not known. Here we used transcranial magnetic stimulation (TMS) to study the role of the angular gyrus in shifts in visuospatial attention induced by the mental number line. We used a priming paradigm with a line bisection task to assess the bias in spatial allocation of visual attention induced by exposure to either small (16-24) or large (76-84) ends of the mental number line. In the Small Number Prime condition, when attention is presumably biased to the left side of visual space, TMS applied over the right angular gyrus during the delay between the prime and the target line abolished the effect of number priming. In contrast, application of TMS over the left angular gyrus had no significant effect. In the Large Number Prime condition (which shifted attention to the right side of visual space) both left and right TMS over the angular gyrus modulated the effect of number priming. This pattern of results reveals the involvement of the angular gyrus in the interaction between the mental number line and visual spatial attention.
Introduction
Humans tend to represent numbers as consecutively distributed along a horizontal left-to-right oriented mental number line, with small numbers lying on the left portion and large numbers on the right portion of the mental line (e.g., Dehaene et al., 1993; Hubbard et al., 2005; Longo and Laurenco, 2007) . For example, subjects are usually faster to respond to small numbers with left-hand responses compared to right-hand responses, and faster to respond to large numbers with their right hand than with their left hand (the SNARC effect, Dehaene et al., 1993) . Interestingly, the mental number line does not only influence overt spatial responses but it also exerts an effect on the allocation of spatial attention prior to any explicit response (although it is still subject to debate whether this effect is automatic or susceptible of top-down control, cf. Galfano et al., 2006; Ristic et al., 2006) . For instance, Fischer et al. (2003) found that exposure to small numbers (1 or 2) preceding the presentation of the target stimulus in a simple visual detection task facilitated detection of target appearing in the left hemifield, while exposure to large numbers (8 or 9) facilitated target detection in the right hemifield (see also Stoianov et al., 2008) .
The link between the mental number line and the representation of space raises the question of whether they share the same neural basis. Several neuroimaging findings indicate that the intraparietal sulcus (IPS) and the angular gyrus (ANG) in the posterior parietal cortex (PPC) are critically involved in numerical cognition (Cohen Kadosh et al., 2005; Pesenti et al., 2000; Pinel et al., 1999 Pinel et al., , 2001 Zago et al., 2001 ; for reviews, see Brannon, 2006; Dehaene, 2003; Rickard et al., 2000) . Support for the role of these regions in numerical processing has also come from studies using transcranial magnetic stimulation (TMS) (Cappelletti et al., 2007; Göbel et al., 2001; Rusconi et al., 2005; Sandrini et al., 2004) .
Interestingly, these same areas have also been implicated in functions involving the representation of visual space and the allocation of spatial attention. In particular, studies with stroke patients have shown that a lesion to the right parietal lobe can cause visual neglect, a deficit characterized by an impaired ability to detect stimuli presented on the side of space contralateral to the lesion (Mesulam, 1981) . In the visual line bisection task (a paradigm often used to measure the allocation of visual attention in neglect patients) subjects are asked to judge the midpoint of a horizontal line. Typically patients with a right parietal lesion tend to mark the center of the line NeuroImage 44 (2009) 563-568 shifted to the right of the actual midpoint. One of the explanations of this deficit is that patients overestimate the extent of the right side of the line because their spatial attention is strongly biased to the right. This bias is a consequence of the right parietal lesion causing the left side of visual space to be underestimated relative to its actual size (Mesulam, 1981; Kinsbourne, 1982; see Driver and Mattingley, 1998, for review) . These patients also show a systematic attentional bias towards larger numbers (i.e. the right side of the mental number line) when asked to bisect a numerical interval as if they were neglecting the left side of a mental number line in which small numbers are represented (Zorzi et al., 2002) .
In neurologically normal observers neglect-like symptoms in the visual line bisection task have been produced by applying TMS over the angular gyrus within the inferior portion of the posterior parietal lobe (e.g., Bjoertomt et al., 2002; Fierro et al., 2000) . Importantly, TMS applied over the right PPC also causes neglect-like symptoms in number bisection (Göbel et al., 2006) . Also, TMS applied over the right PPC has been shown to correct leftward biases in number bisection (Oliveri et al., 2004) . There is therefore evidence from both neglect patients as well as from normal subjects that the brain regions mediating the mental number line are similar to those involved in the representation of visual space and spatial allocation of attention.
Although the neural basis of the SNARC effect has been investigated previously (Rusconi et al., 2007) , so far the neural basis of visuospatial priming by the mental number line has not been studied. Here we addressed this issue by investigating the role of the posterior parietal cortex in enabling the mental number line to influence the allocation of spatial attention. Subjects' attentional bias, assessed using the line bisection task, was modulated by priming them to either the left or right side of the mental number line (by exposure to either small or large numbers). By applying TMS to transiently modify neural activity in the left or the right angular gyrus, we evaluated the causal role of these regions in enabling number priming to modulate the allocation of visual attention. In particular, here we applied TMS after number stimulus presentation to modulate its priming effect on attentional allocation.
Methods

Participants
9 subjects (7 males and 2 females, mean age of 26.25 years) took part in the experiment. All had normal or corrected to normal vision. 8 subjects were right-handed, 1 subject was left-handed. All subjects gave their written informed consent to the study, which had been approved by the Institutional Review Board at Beth Israel Deaconess Medical Center, and all were treated in accordance with the Declaration of Helsinki.
Line bisection task
The stimuli were presented on a 24 inch (1240 × 1024 pixels) monitor. Viewing distance was 57 cm. The stimuli were black, horizontal, transected lines presented on a white background. We used lines of three different lengths (37°, 38°and 39°of visual angle from a viewing distance of 57 cm) and the exposure duration on each trial was 200 ms. A short, black vertical line (2.2°long) indicated the point of transection of the horizontal lines. All lines were 0.1°thick. The target horizontal line was always presented such that the transection mark was at the sagittal midline of the subject and the horizontal line was at eye level. When the line transection was asymmetrical, the elongated line segment was 1°longer than the shorter line segment. A mask was presented after the target offset. This mask consisted of a thick horizontal line (thicker than the horizontal line of the stimulus) and a vertical line (with the same width as the transection mark and presented in the same position), and it covered the entire area of the previously displayed stimulus extending to the edges of the projected screen. The mask was displayed until the subject responded.
Each side of the target line was elongated in 50% of the trials. One block consisted of 90 trials. Each stimulus type, one of six types of lines (three left-elongated and three right-elongated), was presented an equal number of times (i.e. 15 times per block).
Number priming in the line bisection task
The target line was preceded by the presentation of number digits (see Fig. 1a ). Two ranges of numbers were used: from 16 to 24 (Small Prime condition) and from 76 to 84 (Large Prime condition). These priming conditions were tested in separate blocks of trials. On each trial, three numbers (height and width 0.5°per digit), randomly chosen, appeared from the given range either 3°above or below the fixation. The number primes appeared above or below fixation in order not to overlap with the location where the target line would appear. This was done to avoid any spatial priming effects. The numbers in a triplet were all consecutive (i.e. segments of the mental number line) but they could appear in all possible combinations (e.g., 16 17 18, 16 18 17, 17 16 18, 17 18 16, 18 16 17, 18 17 16) .
We also ran a control condition in which the number primes were replaced with six asterisks (two for each decimal number) presented at the same spatial location as the number primes. The primes were presented for 1000 ms, on the basis of a previous study by Fischer et al. (2003) who used a prime duration of 300 ms when presenting a single number prime followed by a detection task. A delay of 500 ms was introduced between the prime and the target stimulus presentation (cf. Campana et al., 2002 Campana et al., , 2006 to prevent the occurrence of inhibitory attentional processes, possibly related to inhibition of return (cf. McKee et al., 2007) .
Stimulation parameters
The angular gyrus was localized in each subject on the basis of sulcal landmarks from individual MRI scans, and projected to the scalp surface using TMS/MR co-registration. Prior to testing, a T1-weighted MR scan was obtained from each participant using a 3 Tesla Philips MRI scanner. The ANG site was defined as the region directly adjacent to the dorsolateral projection of the superior temporal sulcus, which bifurcates the ANG. The stimulation sites were localized in slice and 3D-rendered brain scans using a frameless stereotaxy system (BrainSight, Rogue Research, Montreal, Canada); the same system was used to co-register the neuroanatomical sites with the scalp surface. A Polaris (Northern Digital, Ontario, Canada) infra-red tracking device was used to measure the position of the subject's head. The TMS coil contained a tracking device that allowed online tracking of the stimulation site during the entire experiment. We also measured the Talairach coordinates of the projected cortical target of the angular gyrus in both hemispheres for all subjects (see Muggleton et al., 2006 , for details). The mean Talairach coordinates of the angular gyrus were −41, −66, 38 (SD = 4.6, 4.1, 6.4) and 46, −64 and 34 (SD = 4.5, 3.3, 3.6) for the left and right hemisphere respectively (see Fig. 1b ). TMS was administered with a Magstim Super Rapid stimulator (Magstim Company, UK). The pulses were triggered remotely using a computer that controlled the stimulator, using E-Prime software. A 70 mm figure-of-eight coil was used. Similarly to other studies investigating the neural basis of visual priming (e.g., Campana et al., 2002 Campana et al., , 2006 , TMS was applied during the delay between the presentation of the prime and the target stimulus. Specifically, triple-pulse TMS (pulse gap 75 ms) was applied on each trial immediately after the presentation of the prime. A fixed TMS intensity of 65% was used on the basis of a number of previous successful TMS studies of the angular gyrus (e.g., Muggleton et al., 2006) .
Procedure
At the beginning of the testing session, approximately 100 practice trials were presented to familiarize subjects with the bisection task. At the beginning of the experiment subjects were informed that the numbers ranged from 0 to 100 and they also had practice trials with both the small and large numbers. They were thus aware that the numbers ranging from 16-24 were small numbers and from 76-84 were large numbers. 5 subjects were asked to report which side of the line was shorter, 4 subjects were asked to report which side was longer. Subjects were asked to maintain fixation on the center of the screen throughout each trial. Subjects were instructed that numbers ranging from 0 to 100 would have appeared on the screen on each trial. They were asked to pay attention to these numbers while maintaining fixation. Accuracy was emphasized but subjects were also encouraged to respond quickly. Subjects responded by pressing one of two buttons with the right index or middle finger for "left" or "right" responses.
Each combination of priming condition (Small Number Prime, Large Number Prime, Asterisk) and TMS condition (left ANG, right ANG and No TMS) was run in one block (see above). The order of blocks was randomized and counterbalanced across subjects. Each trial began with a fixation cross appearing at the center of the screen (500 ms), at which the subjects were asked to fixate throughout the trial. The prime was then presented for 1000 ms (with the fixation cross also present), followed by another 500 ms of fixation. As in previous studies on visual priming (cf. Campana et al., 2002 Campana et al., , 2006 , TMS pulse was applied in the delay between the prime and the target line. A mask appeared 200 ms after the onset of the target stimulus. This mask, consisting of a thick horizontal line (thicker than the horizontal line of the stimulus) and a vertical line (with the same width as the transection mark) covered the entire area of the previously displayed stimulus and extended to the edges of the projected screen. The mask was displayed until the subject responded. (b) Targeted anatomical locations for one representative naive subject. Left: transverse section showing the projected anatomical locations for the right (R-AG) and left (L-AG) angular gyrus respectively. Right: white dots indicating the stimulation sites shown on the left and right hemispheres on the 3-D reconstruction. Fig. 2 . The mean (n = 9) accuracy in the Small Number Prime condition (error bars depict standard error of the means). Small numbers presumably shift attention to the left side of space and hence the left side of the line is overrepresented and it thus appears longer than it actually is. Because of this overrepresentation, the accuracy on trials on which the left side of the line is shorter should be lower than accuracy on trials on which the left side is longer. This pattern was observed in the No TMS condition as well as in the left ANG TMS condition. In contrast, this bias was abolished by right ANG TMS. Asterisks indicate statistically significant difference.
In the Small Number Prime condition, successful priming is indicated by an accuracy which is higher for "left side is longer"-trials than for "right side is longer"-trials. This is because small numbers presumably shift attention to the left side of space and hence the left side of the line is overrepresented and thus appears longer than it actually is. Because of this overrepresentation, the accuracy on trials on which the right side of the line is longer should be lower than accuracy on trials on which the left side is longer. In the No TMS condition, this pattern of results was overall observed (in all but 2 subjects). Accuracy was significantly higher for "left side is longer" (mean = 74.33, SD = 14.34) compared to "right side is longer" (mean = 59.67, SD = 15.14), t(8) = 2.726; p = 0.026; this demonstrates that small numbers biased attention to the left side of space.
In the Large Number Prime condition, successful priming is indicated by an accuracy which is lower for "left side is longer"-trials than for "right side is longer"-trials. This is because large numbers presumably shift attention to the right side of space and hence the right side of the line is overrepresented and thus appears longer than it actually is. Because of this overrepresentation, the accuracy on trials on which the left side of the line is longer should be lower than accuracy on trials on which the right side is longer. In the No TMS condition, this effect was present (in all but 2 subjects) (mean accuracy for: "left side is longer" = 60.89, SD = 12.64; "right side is longer" = 72.44, SD = 8.11; t(8) = 2.368, p = 0.04) indicating that priming by large numbers successfully biased attention to the right side of space.
In the control priming condition (the Asterisk condition), the target lines were preceded by asterisks instead of numbers. In this condition, there was no statistical difference between the two types of trials (mean accuracy for: "left side is longer" = 70.22, SD = 13.04; "right side is longer" = 69.22, SD = 15.61, t(8) = 0.169; p = 0.87).
The type of required response (i.e., select the shorter side vs. select the longer side) did not interfere with the effect of the priming (F(2, 14) = 0.59, p = 0.57). These results show that the small and large numbers did induce the same attentional shift found by Fischer et al. (2003) , demonstrating that our behavioral paradigm was valid and ruling out a possible role of inhibitory attentional effects in affecting performance (see also McKee et al., 2007) .
The effect of TMS on number priming
Pairwise comparisons revealed that, for the Small Number Prime condition in the left ANG TMS condition, accuracy of "left side is longer"-trials (mean = 73.56, SD = 11.36) was significantly higher than on "right side is longer"-trials (mean = 62.89, SD = 15.98), t(8) = 2.712; p = 0.027, indicating that left ANG TMS did not disrupt the effect of priming (6 subjects showed this pattern). In contrast, in the right ANG TMS condition the difference between the two types of trials was not significant (mean accuracy for: "left side is longer" = 62.56, SD = 16.26; "right side is longer" = 63.00, SD= 18.55; t(8)= 0.055; p = 0.96), indicating that right ANG TMS abolished the effect of priming (5 subjects were more accurate in saying 'right is longer').
In the Large Number Prime condition, both left ANG TMS and right ANG TMS modulated the effect of number priming. In the left ANG TMS condition, the difference in accuracy between the two types of trials was no longer significant (mean accuracy for: "left side is longer" = 69.56, SD = 20.46; "right side is longer" = 64.89, SD = 18.72; t (8) = 0.666; p = 0.53), indicating that left ANG TMS abolished the effect of priming (6 subjects were more accurate in saying 'left is longer'). When TMS was delivered over the right ANG, the priming effect present in the No TMS condition was reversed (although the effect only approached significance), with accuracy on "right side is longer"-trials (mean = 62.11, SD = 11.46) lower than on "left side is longer"-trials (mean = 71.56, SD = 13.83), t(8) = 2.290; p = 0.05 (8 subjects showed this pattern).
In the control priming condition (the Asterisk condition), the target stimuli were preceded by asterisks instead of numbers. The lack of TMS effects in the Asterisk condition would rule out any explanation of the results in terms of non-specific effects of TMS. TMS effects might be due to the presentation of any primes and not specific to number priming. There was no significant difference in the accuracy of "right side is longer"-trials and "left side is longer"-trials for both left ANG TMS (mean accuracy for: "left side is longer" = 68.00, SD = 15.38; "right side is longer" = 70.33, SD = 14.43; t(8) = 0.411; p = 0.69) and right ANG TMS (mean accuracy for: "left side is longer" = 64.44, SD = 13.63; "right side is longer" = 69.44, SD= 11.76; t(8)= 0.364; p = 0.36). The type of required response (i.e., select the shorter side vs. select the longer side) did not interact significantly with the TMS condition (F(1,77)= 1.11, p = 0.33).
Discussion
Our findings show that the angular gyrus plays a critical role in the allocation of visuospatial attention modulated by the mental number line. Confirming previous studies (Cattaneo, submitted for publication; Fischer et al., 2003) , our behavioral results (i.e. the No TMS condition) demonstrated that priming by small and large numbers shifts covert attention to the left and right sides of space, respectively. In the Small Number Prime condition, the accuracy on trials on which the left side of the line was longer was significantly higher than the Fig. 4 . The mean (n = 9) accuracy in the Asterisk condition (error bars depict standard error of the means). In this condition, attention is not biased to either side of space; as a consequence, the level of accuracy is similar on both types of trials. Neither TMS on the right ANG or on the left ANG modulated performance compared to the No TMS condition, implying that the TMS effects in the present study are dependent on exposure to number primes. Fig. 3 . The mean (n = 9) accuracy in the Large Number Prime condition (error bars depict standard error of the means). Large numbers presumably shift attention to the right side of space and hence the right side of the line is overrepresented and it thus appears longer than it actually is. Because of this overrepresentation, the accuracy on trials on which the right side of the line is shorter should be lower than accuracy on trials on which the right side is longer. This pattern was observed in the No TMS condition. In the right ANG TMS condition, this pattern was reversed. In the left ANG TMS condition, there was no significant statistical difference between the two types of trials. Asterisks indicate statistically significant difference. accuracy on trials on which the right side was longer. This suggests that attention was likely biased toward the left side of space, and as a consequence the left side of the line was perceived to be longer than it really was. This led to decreased accuracy on trials in which the right side was longer and increased accuracy on trials in which the left side was longer. Consistent with the findings of Fischer et al. (2003) , the opposite pattern of results was observed in the Large Number Prime condition where attention is presumably shifted to the right side of space.
In the Small Number Prime condition, in which attention is presumably biased to the left side of visual space, TMS applied over the right ANG abolished the effect of number priming whereas application of TMS over the left ANG had no significant effect. In contrast, both left and right ANG TMS modulated the effect of priming by large numbers (which presumably shift attention to the right side of visual space). This pattern of results is mostly consistent with the established hemispheric asymmetry in attentional functions in humans according to which the right hemisphere processes information in both visual fields, whereas the left hemisphere in the right visual field only (e.g., Mesulam, 1981) . Moreover, a stronger contralateral attentional bias of the left hemisphere (relative to the right hemisphere one) might have caused the effect of left ANG TMS to be selective for Large Number Prime only (cf. Kinsbourne, 1982; Reuter-Lorenz et al., 1990) .
Although both left and right ANG TMS modulated the effect of priming by large numbers, this modulation was stronger with right ANG TMS; whereas left ANG TMS removed the effects of priming, right ANG TMS almost reversed these effects. In this case the effect of right ANG TMS is the opposite of what would be predicted by standard attentional accounts (cf. Mesulam, 1981) . Assuming a contralateral neural organization of spatial attention (and competitive inhibitory interactions between the hemispheres), right ANG TMS should have disrupted contralateral (leftward) spatial orienting, strengthening the attentional orienting to the right driven by large numbers. Moreover, right ANG TMS by weakening the right ANG's contralateral attentional vector should have released the left ANG from a source of competitive inhibition, thus further strengthening attentional orienting to the right (cf. Hilgetag et al., 2001) . Hence, the standard attentional framework would predict enhanced detection accuracy on 'right is longer' trials and reduced detection accuracy on 'left is longer' trials after right ANG TMS relative to no TMS. However the opposite pattern was observed.
Although most of our findings can be explained by conventional attentional orienting accounts, this particular result is likely to reflect an additional mechanism, namely an interaction between the mental number line and processes that trigger attentional shifts.
In fact, there is some evidence for a specialization of left and right hemispheres in the processing of large and small numbers. Using a number comparison paradigm, Göbel et al. (2001) found that stimulation of the left ANG tended to interfere more with large numbers (which are located on the right side of the mental number line). In contrast, right ANG TMS affected the processing of both small and large numbers (i.e. right ANG TMS affected both the left and right side of the mental number line). Consistent with this view, in our study left ANG TMS only affected number priming effects in the contralateral, right hemifield (induced by priming by large numbers). TMS over right ANG impaired number priming effects in left and right hemifield (induced by small and large number priming, respectively). Moreover, the finding that right ANG TMS reversed the effect of priming whereas in other conditions the effects of priming were just abolished is further evidence for the view that this particular effect cannot be explained by conventional attentional orienting accounts.
Our findings could thus be taken as evidence for the hemispheric asymmetry of the mental number line. However, TMS in the present study was unlikely to disrupt number processing per se, as TMS was applied not during number presentation but rather between the presentations of the number prime and the target. Therefore, it is more parsimonious to attribute the asymmetry found in the present study to that of attentional control.
Previous studies have also pointed to a stronger involvement of the right PPC in processes relying on the mental number line. For example, Göbel et al. (2006) found a stronger behavioral effect with TMS over right PPC than over left PPC. Accordingly, a significant effect for rTMS over the right but not over the left PPC was found in number bisection (Oliveri et al., 2004) . Some other studies found selective effect for left PPC TMS in comparing numerical magnitues (e.g., Göbel et al., 2001; Rusconi et al., 2005) , and Rusconi et al. (2007) have recently observed that rTMS over both left and right PPC disrupted attentional orienting in number space. It is likely that the more a numerical task -such as number bisection -relies on spatial processes, the stronger is the involvement of the right hemisphere. Our task was essentially a spatial attentional task (no numerical operations were required), and our pattern of results fits well with what is known about the allocation of visuospatial attention in similar paradigms (cf. Fierro et al., 2000) .
The finding that subjects' performance in the Small Number Prime condition with left ANG TMS is not any different from their performance without TMS demonstrates that TMS did not induce non-specific behavioral impairments or improvements. In fact, TMS over parietal regions has been found to cause both target detection impairment in the hemifield contralateral to TMS as well as enhanced stimulus detection in the visual field ipsilateral to TMS (Hilgetag et al., 2001; Walsh et al., 1999) . This was not the case in our study. Furthermore, in the Asterisk condition, TMS applied neither over the left nor over the right ANG influenced subjects' performance, implying that the TMS effects in the present study were dependent on the presentation of numbers prior to application of TMS.
It is important to note that our findings cannot be due to the effect of TMS on the processing of the target line, as in the Asterisk condition TMS did not modulate subjects' performance. In a previous study (Bjoertomt et al., 2002) , where ANG TMS modulated performance in the line bisection task, TMS was applied online (i.e. concurrently with the bisected line); here we applied TMS in the interval between the prime and the target (as has been done in other TMS studies investigating visual priming; e.g., Campana et al., 2002 Campana et al., , 2006 in order to specifically modulate the activation state of the ANG prior to the arrival of information regarding the target line. It is unlikely that TMS disrupted the detection of the number primes because the primes were presented for 1000 ms and TMS was applied after their presentation; therefore, the numbers had been perceived by the subjects before the onset of the TMS. In other studies in which TMS has been used to disrupt number processing, TMS was applied simultaneously with the number stimulus (e.g., Rusconi et al., 2005; Sandrini et al., 2004) . Therefore, it is likely that in our study TMS did not impair number processing per se; rather it abolished the effect of number processing on another visual function, namely the allocation of visuospatial attention. In this regard, it should be noticed that eye movements were not systematically controlled in this experiment, although participants were asked to keep their eyes on the centre of the screen. The short target exposure (200 ms) makes it unlikely that eye movements played a major role in this experiment, however the possibility that both attentional shifts and eye movements contributed to perceptual biases cannot be completely discarded.
What is the neural source of the modulation of the angular gyrus activity by the mental number line? One possibility is that the interaction between the mental number line and the allocation of visuospatial attention occurs within the angular gyrus. There is indeed evidence that angular gyrus is involved in both the numeric and visual versions of the bisection task (Bjoertomt et al., 2002; Göbel et al., 2006) . An alternative possibility is that number priming initially activated another cortical region involved in numerical cognition, which then exerted a modulatory influence on the angular gyrus, thus causing shifts in the allocation of visuospatial attention. While the present study cannot distinguish between these possibilities, our results do show that the ANG is part of a network that mediates the impact of the mental number line on visuospatial representation.
